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Chapter 1 ®)
History of Rocket Triggered Lightning oo

1.1 Introduction

The scientific exploration of lightning has always been the concern of many scholars,
but due to the instantaneity and randomness of lightning, it is difficult to make a
stable scientific observation of lightning. In the mid-twentieth century, the develop-
ment of artificial lightning trigger technology, that is, by launching small rockets
with metal wires into a lightning cloud, lightning can occur at a predicted time
and place, providing conditions for direct measurement of lightning currents and
electromagnetic fields.

The first documented triggered lightning, with rockets carrying the wire, was
illustrated in the 1960s. It was implemented on a boat at sea in Florida [1]. Since
1973, this technology has been improved on land by a number of countries, including
France, Japan, China, and Brazil, as shown in Table 1.1. The lightning team from
the International Center for Lightning Research and Testing (ICLRT) in Florida also
conducted an amount of experiments with rocket-wire artificially triggered lightning.
Rakov and Uman et al. [2] had conducted a comprehensive summary and review of
the research results of the artificial triggered lightning tests in the United States.
It has made great contributions to the measurement of lightning discharge param-
eters, discharge physical process, electromagnetic radiation effect and theoretical
simulation.

Since 1989, China had performed triggered-lightning experiments in Jiangxi,
Gansu, Beijing, Guangdong and Shandong, respectively. In particular, in the past 10
years, two teams from the Chinese Academy of Meteorological Sciences and the
Institute of Atmospheric Physics have been continuously conducting experiments
on artificially induced lightning in Guangdong Province [3] (GCOELD) and Shan-
dong Province [4] (SHATLE), respectively. These experiments not only deepen our
understanding of the physical characteristics of lightning, but also play an important
role in studying and testing the mechanism of lightning strike and evaluating the
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Table 1.1 An overview of major triggered-lightning programs

Experimental
site

Height above sea
level, m

Years of operation

Wire material

Location of wire
spool

Saint Prival
d’ Allier,
France

1100

1973-1996

Steel or copper

Ground or rocket

Kahokugata,
Hokuriku
coast, Japan

1977-1985

Steel

Ground

Langmuir
Laboratory,
New Mexico,
USA

3230

1979—present

Steel

Ground

KSC, Florida,
USA

1983-1991

Copper

Rocket

Okushishiku,
Japan

930

1986-1998

Steel

Ground or rocket

Fort
McClellan,
Alabama,
USA

190

1991-1995

Copper

Rocket

Camp
Blanding,
Florida, USA

5-20

1993—present

Copper

Rocket

Cachoeira
Paulista,
Brazil

570

1993—present

Copper

Rocket

Four sites in
northern and
southeastern
China

Various

1989-1998

Steel or copper

Ground or rocket

Chonghua,
Guangdong,
China

80

2006—present

Copper

Rocket

Binzhou,
Shandong,
China

3-20

2006—present

Copper

Rocket

performance of lightning location system. Although the parameters related to light-
ning discharge have been analyzed and studied all over the world, in general, we still
need to accumulate enough lightning discharge data in different areas to determine
the lightning discharge mode and provide accurate lightning discharge parameters
required for lightning protection work.
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1.2 Rocket Triggered Lightning Techniques

The idea of manually triggering lightning by using a small rocket with metal wires
trailing at the tail was proposed in 1958. In 1961, laboratory tests proved that
static metal wire would not trigger discharge phenomenon in a certain intensity of
environmental electric field, while fast moving metal wire would trigger discharge
phenomenon in a certain intensity of environmental electric field. The first artificial
triggering of lightning on the sea was achieved in 1967, and then the artificial trig-
gering of lightning on the land by using the trailing wire of hail proof rocket was
achieved in 1978.

The traditional method of manually triggered lightning, also known as the “clas-
sical method,” works by launching a small rocket at the bottom of a thunderstorm
cloud with a metal wire trailing behind it, the end of which is eventually grounded by
a current-measuring device or test target. In order to simulate the descending cascade
leading process in natural lightning, the “aerial method” technology of artificially
triggering lightning has been developed in recent years. Different from the “classical
method”, the “altitude method” of the mine rocket drag lead is not the whole metal
wire, the end is generally nylon wire or Kevlar fiber wire, so as to achieve the metal
wire insulation to the ground.

Asisshown in Fig. 1.1, when the lightning-leading rocket rises to a certain height,
the electric field around the metal line is enhanced, and the positive polarity stepped
leader begins to appear and develops steadily upward, thus the so-called “initial
stage” begins. With the development of the upward positive stepped leader, the current
flowing on the wire also gradually increases. When the current intensity and flow time
reach a certain degree, the wire begins to fuse and be broken down and shine after
about several hundred microseconds. The discharge channel conducts again, and the
upward positive stepped leader further develops towards the cloud bottom. When
the upward positive stepped leader enters the charge region, the initial continuous
current stage begins, and the discharge activities continue in the channel created
by the upward cascade leader. The initial continuous current lasts for about a few
hundred milliseconds. After the “initial stage” is over, the current in the channel stops
for about a few tens of milliseconds. At this point, the discharge channel becomes
dim, which is called the residual channel. After the “initial stage” is over, one or more
subsequent return strokes may occur in the residual channel from downward-going
negative arrow leader propagation to ground, known as the dart leader/subsequent
return stroke sequence.

The difference between the “altitude method” and the “classical method” mainly
focuses on the initial continuous current stage before the start of the lightning
discharge process. Figure 1.2 shows the development of the altitude method arti-
ficial lightning at this stage. When the rocket reaches a certain altitude, the upward
positive stepped leader begins to develop upward, and about a few milliseconds later,
the downward negative stepped leader begins to appear at the bottom of the metal
section of the “dangling” rocket lead. When the downward negative stepped leader
is developed to the ground, there will be an upward positive connection leader on
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1.2 Rocket Triggered Lightning Techniques 5

the ground, and then the two leaders meet for the so-called “connection process”.
After the connection of the two leads, there will be a “small return stroke” at the
connection point that develops along the channel created by the downward nega-
tive cascade leader. The “small return stroke” will eventually break down the metal
wire and reach the head position of the upward positive stepped leader. The initial
continuous current phase begins when the upward positive stepped leader enters the
negative charge zone. Since the channel from the bottom of the “suspended” metal
wire to the ground is constructed by the downward negative stepped leader and the
upward positive connection leader, the bottom of the artificially triggered lightning
discharge channel of the “altitude method” is also a natural channel.

In the summer of 2018 and 2019, the Lightning Protection and Grounding Tech-
nology Center from Wuhan University conducted a rocket-triggered lightning exper-
iment at Guangzhou Field Experiment Site for Lightning Research and Testing
(GFESLRT, Guangdong Province, China). Chinese Academy of Meteorological
Sciences and Guangdong Power Grid Scientific Research Institute also participated
in this experiment. The new-generation rocket launch platform included fiber-optic
isolation launch control device; dual fiber optic trigger ignition device; acoustic,
optical, electrical and magnetic multi-parameter synchronous observation system,
as well as insulation emission platform. Realizing the technical upgrade of lightning
induction platform and the technical breakthrough of distribution line manual trigger
lightning. For the first time, the observation data of lightning current, overvoltage
along the line and acoustic, optical, electric and magnetic multi-parameter synchro-
nization were obtained. On the one hand, lightning current is an important parameter
reflecting the discharge process and lightning intensity, and on the other hand, the
measurement of electromagnetic field is an important basis for lightning protection
design and testing of ground flash return model.

The schematic diagram of the test site is shown in Fig. 1.3. There were two
launchers in total, i.e., the ground launcher and the tower launcher. The grounding
resistance of ground launcher is 6.7€2. When lightning strikes to distribution line, the
lightning current was first introduced into the current measuring equipment by the
lightning rod, then flowed into one phase of the 10 kV distribution line (characteristic
impedance is about several hundred ohms), and then flowed into the soil via the pole
towers. The total length of the distribution line is 1.5 km, with a tower spacing of
70 m and a height of 10 m. The lightning current measurement equipment were a
Rogowski coil and a coaxial shunt. The electric and magnetic field measurement
at 130 m was set to be about 3.6 m above ground. And the electric and magnetic
field measurement was also installed on the house roof (about 15 m high) 1.55 km
away from the lightning triggering site. The analog current signals obtained by the
measuring devices were transmitted to the control room via a fiber optic system. In
addition, a high-speed camera (Phantom v2512 HS) also installed on the house roof
was used to capture the images of the lightning flashes.

The Foshan Total Lightning Location System (FTLLS) 68—126 km away recorded
the far RS electric field waveforms, the location distribution of the nine sub-stations
(LSZ, 68.5 km; LPZ, 72.5 km; DTZ, 74.3 km; CCZ, 84.5 km; CCJ, 86.5 km; BNZ,
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8 1 History of Rocket Triggered Lightning

Table 1.2 Information about triggered lightning flashes

Triggering Number of | Number of Flashes with Number of | Multiplicity of
conditions launches successes RSs (percentage | RSs RSs (AM)?

(success rate) | of flashes with

RSs)

Ground 47 34 (72%) 22 (65%) 106 4.8
Distribution | 35 26 (74%) 20 (77%) 120 6.0
line
Total 82 60 (73%) 42 (70%) 226 54

All flashes were negative and were triggered in the classic way
2For flashes with RSs. AM: arithmetic mean

99.8 km; LJZ, 100.8 km; JAZ, 112.4 km; MCZ, 125.7 km) of the FTLLS is shown
in Fig. 1.3b, and their electric field sensors all have a sampling rate of 10 MHz.

During 2018-2019, a total of 82 launches were conducted, successfully triggering
60 lightning flashes, including 226 RSs. Detailed information is shown in Table 1.2.
The success rate of our experiment is over 70%. About 70 percent of the flashes
contained RSs, and the average number of RSs per flash is 5.4.

1.3 Comprehensive Observation of Rocket Triggered
Lightning at Different Development Stages

Classical artificially triggered lightning mainly includes upward forward leader
(UPL), initial continuous current (ICC), one or more downward arrow lead/return
stroke processes, continuous current and M component processes. Among them,
the upstream positive lead and the initial continuous current constitute the initial
discharge stage (IS). The initial discharge process generally lasts from tens to
hundreds of milliseconds. The current pulse superimposed on the initial continuous
current IS called ICC pulse. Continuous current is usually defined as the lower ampli-
tude current in the discharge channel immediately after the return stroke process, with
a size of tens to hundreds of amperes and a duration of several milliseconds to several
hundred milliseconds. The current pulse superimposed on the continuous current is
called the M component.

1.3.1 Dart Leader Stage

Dart leader, unlike stepped leader developed in fresh air, tend to develop along
residual channels constructed by stepped leader. The development process is contin-
uous and intense, and the development rate is about 10° to 107 m/s. Forking is not easy
in the development process of dart leader, and some dart leader may be transformed
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into dart-stepped leader [5], that is, in the middle and late stage of development, the
characteristics of stepped development, which may be caused by the gradual dissipa-
tion of residual channels and the continuous decline of electrical conductivity. Most
of the observed dart leaders can successfully propagate to the ground and complete
the connection process with the upstream leader to trigger the return stroke. The
optical characteristics, propagation speed and other parameters of such dart leaders
have been studied extensively.

With the increasing enrichment of observation means, some dart leader that failed
to propagate successfully to ground have been observed successively. Rhodes et al.
[6] reported this type of dart leader in 1994 and named them as attempted leads.
In subsequent observations, the presence of attempted leads in lightning activity
was speculated by using radio interferometers or measuring electric field changes.
Shao et al. [7] observed four attempted leaders in negative ground lightning, and
attempted leader were successfully observed in cloud-to-ground lightning, artificially
triggered lightning and bipolar lightning. The use of high-speed cameras has made
lightning observations more visible, but attempts are difficult to record with high-
speed cameras because most attempts are short-lived and hidden in clouds.

Propagation speed is a basic characteristic parameter of the attempted leader. Shao
et al. estimated the two-dimensional average propagation speed of the attempted
leader by using the interferometer to be 7-10 x 10° m/s, which is five times of the
case reported by Mardiana et al. Yoshida et al. calculated that the three-dimensional
average propagation velocity of an attempted leadert was 5.2 x 10° m/s by using
the low-frequency sensor network. Wu et al. calculated that the overall propagation
speed of an attempted leader was about 2.6 x 10° m/s by using the fast antenna
lightning positioning array. Sun et al. calculated that the two-dimensional average
propagation velocity of the attempted leader was 4-8 x 10° m/s by using the VHF
lightning positioning system. By using high-speed cameras, Camops et al. reported
a lightning with multiple attempted leader whose two-dimensional velocity was on
the order of 10° m/s. With the help of high-speed cameras, Lyu et al. observed an
attempted leader with a two-dimensional propagation velocity between 1.1 x 103 and
1.1 x 10 m/s, and Wang et al. observed an attempted leader with a low propagation
velocity of 7.4 x 10* m/s.

Attempted leader develop along residual channels, and many researchers believe
that attempted leader are similar to K changes and dart leader, which can be revealed
by the similarity of their fast electric field waveform changes. A basic hypothesis for
the cause of attempted leader extinction is that the energy of the attempted leader is
not sufficient to re-ionize the channel to the surface, and thus dies midway. Shao et al.
[7] believe that the initial return stroke would accumulate negative charge at a lower
height from the ground, which would force the attempt leader to die out. Zhang et al.
[8] believed that the appearance of the attempted leader could accumulate charge
into the channel, and the initial position of the attempted leader would become a part
of the next leader channel.
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Both dart and attempted leader are likely in fact recoil leader, and that the main
difference between them is grounding or not. Recoil leading is an electrical break-
down process that occurs in residual channels of lightning branches at high temper-
ature and low density. Optical records of the recoil leader show that the recoil leader
appears in the branching residual channel and develops towards the starting position
of the branching, that is, the direction of propagation is opposite to the branch that
originally formed the channel, so the recoil leader was also known as the fallback
leader. Early studies of recoil leader suggested that recoil leader occur only in dark-
ened positive leader channels and confirmed that recoil leader is bi-polar. Mazur et al.
[9] observed the generation and bidirectional propagation of multiple recoil leader in
the residual channel of an upward positive leader. Zhu et al. [10] believe that recoil
leaders do not only appear in the residual channel of the positive polarity leader,
but also may be generated in the residual channel of the negative polarity leader.
Qie et al. [11] reported a bidirectional recoil leader in 2017, whose positive polar
end develops along the residual channel of the negative polar leader, confirming that
recoil leaders may appear in both the residual channel of the positive and negative
polar leader.

Recoil leader is a bi-directional bi-polar leader, and the bi-directional leader theory
was first proposed by Kasemir. Different from the source charge model proposed by
Schonland earlier, the bidirectional leader theory believes that the lightning channel
can be regarded as a conductor in the strong electric field of lightning cloud. Charge
concentration and electric field enhancement appear at both ends of the conductor
under the action of electrostatic induction, and electric breakdown process occurs
when the electric field reaches a certain degree. The channel of opposite polarity takes
energy from the surrounding electric field and propagates in the opposite direction,
while maintaining a net charge of zero and roughly a uniform potential throughout
the channel. The positive and negative ends of the bidirectional lead show asymmetry
in development, and the positive end may either propagate faster or slower, or at a
rate similar to that of the negative end.

The researchers have been successful record by various means to the emergence
of a large number of bidirectional leader and put them into two main types: the first
type of bi-directional leader began in the both sides of the metal objects, such as
aircraft, dangling conductor, and the method of “altitude” in impending metal lead
artificial triggered lightning. The second type of bidirectional leader is the electroless
discharge process, and their formation process is summarized by Tran and Rakov
[12] into four main scenarios: (1) lightning initiation process in cloud; (2) bifurca-
tion process of lightning channel; (3) the spatial leader development process in the
formation of new negative stepped leader; (4) Recoil leader type processes leading
to K change, dart leader and M component process.
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1.3.2 Initial Discharge Stage

The initial discharge process of classical artificially triggered lightning is similar to
the natural ascending lightning caused by the top of a tall building [13]. Based on the
data of manually triggered lightning in Alabama and Florida, Wang et al. believed
that the geometric average duration of the initial stage was 279 ms, the geometric
average of the amount of transferred charge in the initial stage was 27 C, and the
average current was between 27 and 316 A, with a geometric average of 96 A. Miki
et al. found that the geometric average duration of the initial stage was 305 ms,
the geometric average amount of transferred charge in the initial stage was 30.4 C,
and the geometric average of the average current was 99.6 A. By using the data
of artificial triggered lightning in Shandong, Xiushu et al. found that the geometric
mean duration of initial period was 245 ms, the geometric mean of transferred charge
was 21.2 C, the geometric mean of average current was 86.7 A. Based on the data
of manually triggered lightning in Guangdong, Zheng Dong et al. found that the
geometric average duration of the initial stage was 347.9 ms, the geometric average
of transferred charge amount in the initial stage was 45.1 C, and the geometric average
of the average current was 132.5 A, slightly larger than the initial discharge parameter
values of other two lightning sites. It can be seen that the overall characteristics of
the initial lightning current in different regions have certain similarities.

During upward positive leader development, the rocket line is continuously heated
by the initial current and melts, resulting in a sudden drop in current and a short inter-
ruption process. This current characteristic is known as the initial current change
(ICV). Wang et al. found that the geometric mean value of the time interval between
the slow change of current at the initial stage and the sudden drop of current was
8.6 ms, and the geometric mean value of the peak value before the current started
to drop was 312 A, with the current drop time of several hundred microseconds.
Then a current pulse with a rise time of about 100 s is generated immediately or
at intervals of several milliseconds. The current pulse amplitude is usually about
1 kKA. At this time, the discharge channel is re-conducted. The duration of the entire
initial current change exceeds 10 ms. Biagi et al. observed with a high-speed camera
of 50,000 frames per second that when the rocket line melts, due to the inhomo-
geneity of the rocket line, the discharge channels do not immediately brighten up,
but several parts of the rocket line brighten up first until they all brighten up. Mean-
while, it was recorded that the transferred charge amount before the rocket line melts
is 2.7 C. The average current in the initial stage is 59 A. After the initial discharge
starts 45 ms, the rocket line begins to vaporize, and the entire rocket line vapor-
ization process lasts about 7 ms. Rakov et al. analyzed the process related to the
melting of rocket line and its replacement by air plasma channel based on fringe
camera, electromagnetic field and current data, and found that the characteristics of
the initial current change in the electric field waveform were V-shaped, superim-
posed on the electric field slope of millisecond magnitude generated by the upward
positive leader. However, their current and electromagnetic fields are not measured
synchronously. Olsen et al. confirmed the results of Rakov et al. and defined two
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types of initial current changes of type I and type II, which had different shapes
during the initial current changes, and found multiple attempted reconnection pulses
with an amplitude of about 100 A before the discharge channel was re-conduced.
But these attempted reconnection pulses were not optically observed. Zhang et al.
analyzed 54 pre-breakdown discharge pulses generated during rocket ascent using
a high-resolution VHF wideband interferometer, which were related to air break-
down at the top of the rocket. Li et al. discussed in detail the channel fracture in
the initial stage and the detailed discharge process of the subsequent channel recon-
struction by using VHF mapping array, electromagnetic field and high-speed camera.
The channel reconstruction process is similar to the leader/return stroke sequence,
while the attempted reconstruction process involves more complex discharges [14].
Understanding current cutoff and reconstruction will help us understand how natural
lightning strikes occur in milliseconds or less. However, the simultaneous observation
of current and electric field of initial current change is lacking.

After the initial current change, the initial continuous current pulse (ICCP) is
usually generated. Wang et al. observed that the geometric mean of ICC pulse ampli-
tude was 144 A, the geometric mean of 10-90% rise time was 528 s, the geometric
mean of half-peak width was 1 ms, the geometric mean of duration was 2.5 ms,
and the geometric mean of single pulse charge transfer amount was 143 mC. The
geometric mean of the pulse interval was 6.5 ms, and the geometric mean of the
continuous current level prior to the ICC pulse was 127 A. Jiang et al. based on the
data of artificially triggered lightning in Shandong, found that the ICC pulse ampli-
tude was 190 A, the 10-90% rise time was 462 s, the half-peak width was 845 s,
and the neutralization charge was 273 mC. Zheng et al. based on the data of guang-
dong mine initiation, found that the PULSE amplitude of ICC was 69 A, the rise
time of 10-90% was 812 s, the half-peak width was 1500 s, and the neutraliza-
tion charge was 88 mC. For the observation of natural lightning, Miki et al. observed
fukui chimney in Japan and found that ICC pulse amplitude was 781 A, 10-90%
rise time was 44.2 ps, half-peak width was 140.7 s, and neutralization charge was
132 mC. Heidler et al. observed the Gaisberg tower in Austria and found that the
ICC pulse amplitude was 377 A, the 10-90% rise time was 110 s, the half-peak
width was 276 s, and the neutralization charge was 122 mC. Pichler et al. observed
the Peissenberg tower in Germany and found that the PULSE amplitude of ICC was
512 A, the rise time of 10-90% was 60.9 s, the half-peak width was 153 s, and the
neutralization charge was 111 mC. It can be seen that in natural lightning, the initial
continuous current pulse amplitude is larger than that in manual lightning trigger
process, while the rise time and half peak width are significantly smaller than that
in manual lightning trigger process. Based on VHF interferometer, Yoshida et al. [5]
found that ICC pulse may be generated by the recoil streamer entering the lightning
channel at the initial stage with good electrical conductivity, or the lightning channel
may be intercepted by other cloud flash channels.
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1.3.3 Return Stroke Stage

The leader-return stroke process of artificially triggered lightning is similar to the
process of dart leader-follow-up return return in natural lightning. Therefore, artifi-
cially triggered lightning provides a new way to understand the physical characteris-
tics of subsequent return return channel current and close distance electromagnetic
field of natural lightning, and also helps to test the return stroke model theory.

Among the parameters related to lightning discharge, lightning current is a very
important physical quantity, because it directly represents the discharge process and
lightning intensity, and is a key parameter in lightning protection work. The maximum
moment of lightning current is the return stroke current generated in the return
stroke stage, which directly determines the intensity of electromagnetic radiation.
The waveform characteristics of return stroke current are also important basis for
lightning protection design.

Zheng et al. summarized the waveform parameter characteristics of 142 return
stroke current of artificially triggered lightning in Guangdong from 2008 to 2016, the
minimum value of return current was 3.9 kA, the maximum value was 46.0 kA, and
the geometric average value was 17.2 kA. Qie et al. analyzed the waveform param-
eters of 36 return current of artificial triggered lightning in Shandong during 2005—
2011, the geometric mean of return stroke current was 12.1 kA. Fisher, Depasse,
Rakov, Craword, Uman, Schoene et al. summarized the waveform parameter char-
acteristics of manually triggered lightning return current in Florida, USA, and the
statistical results showed that The average return current is 12, 14.3, 13.3, 11.7,
13.5, 12.2 kA, 10-90% rise time is in the range of 1.4—1.9 ws, half peak width is
in the range of 14.8-29.4 ws. There is a linear relationship between current rate dI/
dt and peak current I. There is a strong positive correlation between the amount of
transfer charge and the logarithm of current, and a relatively strong positive corre-
lation between the action integral and the logarithm of current. Schoene et al. also
found that the relationship between the peak return current and the amount of trans-
ferred charge decreases with the increase of the duration of charge transfer since the
return current occurs.

The measurement of lightning electromagnetic field is not only an important
basis for lightning protection design, but also plays an important role in testing the
ground flash return stroke model. Miki et al. designed a set of Pockels electric field
measurement equipment based on the electric-optical principle, and observed that
the electric field variation presented a V-shaped structure at a very close distance of
0.1-5 m from the lightning channel. Rakov et al. analyzed the electric field waveform
obtained in Florida and found that the amplitude of the leader electric field and the
peak value of the return electric field were of the same order of magnitude at a close
distance (tens of meters or more) to the lightning channel, and the amplitude of
the leader electric field was linearly positive correlated with the peak value of the
return stroke current at the bottom of the channel. Uman et al. analyzed the time
differential of lightning return electric field waveforms triggered when they were 10,
14 and 30 m away from the lightning channel, and Fourier analysis results showed that
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the primary frequency content of these waveforms was lower than 20 MHz. Schoene
et al. introduced 28 electromagnetic waveforms and their waveform parameters that
triggered lightning at distances of 15 and 30 m, and compared them with previous
results. Qie et al. analyzed the electric field and current waveform of 5 artificially
triggered lightning acquired in binzhou, Shandong province in summer 2005, and
estimated the return stroke speed of 1.4 x 108 m/s by using the transmission line
model. Le Vine et al. were the first to measure the electromagnetic field waveform
of artificially triggered lightning at a distance of 5.16 km from the lightning channel.
The results showed that the return electromagnetic field at this distance was basically
radiation field, which was similar to the subsequent return of natural lightning, and
the rise speed of triggered lightning was faster than that of natural lightning. Mallick
etal. analyzed the detailed characteristics of the electric field waveform of 69 negative
ground flash return strokes of 13 times of mine firing at a distance of 45 km in Florida
in 2012. Wang et al. analyzed the multi-station synchronous measurement electric
field waveform of 38 triggered lightning return strokes at a distance of 68—126 km
from Conghua, Guangdong province in 2014, and compared it with the subsequent
return stroke electric field waveform of natural lightning. Lightning location system
based on waveform parameter characteristics of return stroke electric field has been
widely used in power system and meteorological research [15].

Krider et al. produced the first wide-band magnetic antenna system for measuring
magnetic fields caused by distant lightning. Lin et al. analyzed the electric and
magnetic field waveforms generated by the first and subsequent return strokes in nega-
tive natural lightning in Florida, with a range of 1-200 km. Rakov et al. provided new
insights into the lightning discharge process by using synchronous data of channel
base currents and electromagnetic fields at different distances from the discharge
channel. Schoene et al. further introduced the statistical characteristics of electro-
magnetic field and its time derivative at 30 m distance of manually triggered lightning
in Florida.

Qie et al. analyzed the influence of different factors on short-range magnetic
field, such as current rise time, return stroke speed, distance and peak current, by
numerical method based on the data from 2005 to 2009 in the experiment of artificially
triggered lightning in Shandong. Lu et al. designed a low-frequency magnetic field
antenna to invert the time-varying waveform of continuous current in artificially
triggered lightning, and analyzed the characteristics of magnetic field waveform at
2 m underground near the lightning channel at the initial stage of discharge.

1.3.4 Continuous Current Stage

The return stroke process is usually completed in tens of microseconds, but after
the return stroke, there may still be hundreds of amperes, even up to the kA level
of continuous current in the return stroke channel, the duration is usually tens to
hundreds of milliseconds, accompanied by the continuous glow of the discharge
channel.
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Hagenguth and Anderson et al. found the current component of continuous current
for the first time in the long-term lightning observation of the Empire State Building.
According to the bidirectional breakdown theory, after the return is complete, the
positive leader will continue to develop in the cloud, transmitting a continuous nega-
tive charge to the ground and generating a slow, long-term continuous current [16].
The amount of charge transferred by continuous current usually accounts for more
than 75% of the total transferred charge. A return stroke usually releases only a few
coulombs of charge, while a continuous current can release tens or more. Such light-
ning processes are prone to forest fires, thermal damage to metal equipment, and
damage to overhead lines.

Shindo and Uman et al. analyzed that the average continuous current is about
100 A, the minimum is 30 A, and the maximum is 200 A, and the amount of trans-
ferred charge varies in the range of 10-20 C, which has been applied to the light-
ning protection design parameters of the International Electrotechnical Commission
(IEC). Qie etal. analyzed A positive ground flash continuous current event of Chinese
inland plateau, the average continuous current was about 88.2 A, the transferred
charge quantity was 26.5 C in 300 ms.

The continuous current could be divided into two types according to the duration
of continuous current [17]. The continuous current less than 40 ms is called short
continuous current. Greater than 40 ms is called long continuous current. Rakov
and Uman et al. analyzed lightning events with single and multiple returns and
found that both single and multiple returns may be accompanied by a continuous
current process. However, the probability of long continuous current occurring in
single return lightning events is 6%, and the probability of multiple return lightning
events is 49%. Moreover, for multiple return lightning events, the probability of
long continuous current occurring after the first return lightning event is 1.4%, and
the probability of long continuous current occurring in subsequent return lightning
events is 3—-15%.

Wang et al. conducted statistical analysis of negative ground flash continuous
current in The Greater Hinggan Mountains. The results show that the negative ground
flash with continuous current process accounts for about 27%, in which the contin-
uous current duration of 2040 ms has the highest probability of 23%, followed by
10-20 ms, accounting for about 12%, and the probability of 80—100 ms and 40—60 ms
is 11 and 10%, respectively. The average duration of continuous current is 127.4 ms,
and the maximum duration is over 400 ms. It can be seen that the probability and
duration of continuous current occurrence are affected by different regions.

Fisher et al. analyzed the data of triggered lightning in Florida and found that
when the continuous current lasts for more than 10 ms, the current waveform presents
different characteristics, which can be divided into four types: the first type is accom-
panied by superimposed current pulses after the return stroke, which show exponen-
tial attenuation; In the second type, a smooth attenuation peak is followed by a
superimposed current pulse after the return stroke; The third is accompanied by a
current pulse after the return; The fourth type, after the return stroke, is followed by a
steady stasis period with no significant pulse activity, followed by the superimposed
current pulses [18]. The first and second categories are the most common.
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During the continuous current period, there is often an obvious current pulse
activity, which corresponds to the sudden brightening of discharge channel and abrupt
change of electric field. This process is called M component (similar to ICC pulse).
Thottappillil et al. found that the amplitude of the M component current of artificially
triggered lightning was 100-200 A, the rise time was 300-500 s, and the transfer
charge was 100-200 mC. Jiang et al. obtained, based on the statistics of manually
triggered lightning data in Shandong, that the current amplitude of M component is
about 400 A, the rise time of 10-90% is 207 s, the half-peak width is 267 s, and the
transferred charge is 190 mC. Zheng et al. obtained from the analysis of artificially
triggered lightning data in Guangdong that the amplitude of M component current
was 195 A, the rise time of 10-90% was 379 s, the half-peak width was 638 s,
and the transfer charge amount was 107 mC. For the observation of natural lightning,
the observation results of Fukui Chimney in Japan, Gaisberg Tower in Austria and
Peissenberg tower in Germany showed that the current amplitude of M component
was 274—654 A, and the rise time of 10-90% was 37.4-236 ws. The half-peak width
is 124.8-476 s, and the transfer charge is 137-167 mC. It can be seen that the M
component parameters are very similar to ICC pulses, and it is speculated that they
have similar physical processes. In terms of current amplitude, the M component
and ICC pulse are obviously smaller than the return current pulse. In terms of time
parameters, the rise time and half peak width of M component and ICC pulse are
much larger than those of return current pulse.

By analyzing the data of artificial triggered lightning in Shandong, Qie et al. found
RM pulse, which had the characteristics of return stroke pulse and M component
pulse, with large current amplitude, which could reach the order of peak of return
stroke current. They hypothesized that the generation of RM pulses was related to
the bifurcation development of positive leads within the cloud. When one channel
continues to glow and the other channel cuts off, the recoil streamer enters such a
discharge grounding channel, and the two simultaneous effects may produce RM
pulses [19]. In natural lightning, some M components are not weaker than the return
stroke, which may lead to misjudgment of the lightning location system.
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Chapter 2 ®
Characteristics of Lightning Current oo
of Rocket-Triggered Lightning

In the case of negative ambient electric field, traditional rocket-triggered lightning
mainly includes upward positive leader (UPL), initial continuous current (ICC),
one or more downward-leader-upward-return-stroke sequences, continuous current
and M component, etc. Among them, the upward positive leader and continuous
current constitute the initial discharge process (IS). The initial discharge process
lasts tens to hundreds of milliseconds, and the current pulse superimposed on the
initial continuous current is called the ICC pulse, similar to the M component. M
component pulse overlap the continuing current. Before the continuous development
of the upward leader begins, the attempted breakdown at the top end of the wire causes
the sequence of precursor pulses.

2.1 1IS Currents

2.1.1 Paramenters of IS Current

18 TLFs with complete current recording information, including 17 classical TLFs
and an altitude TLF, were statistically analyzed [1]. The Rogowski coil and coaxial
shunt were used as lightning current measuring equipment. In the control room, the
currents were synchronously sampled in two channels with small (2 kA) and large
(£50 kA) measurement ranges via a multi-channel high-speed digital oscilloscope
(DLS850E). The oscilloscope sampling rate was 5 MHz in 2018, and it was improved
to S0 MHzin 2019. The recording length was 2 s. All classical TLFs were successfully
conducted into the distribution line. A total of 70 RSs were recorded in 17 classical
TLFs and 8 RSs were recorded in one altitude TLF judged by electric field. In 17
classical TLFs, 4 classical TLFs only contained IS, without RS. The information of
these lightning discharges is given in Table 2.1.
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2 Characteristics of Lightning Current of Rocket-Triggered Lightning

Table 2.1 List triggered-lightning striking to distribution line

Flash number Time Return stroke number M component number
F201806261150 26-June 11:50:34 1 0
F201807021442 2-July 14:42:58 3 1
F201807071631 7-July 16:31:02 0 0
F201807261411 26-July 14:11:24 13 22
F201807261414 26-July 14:14:24 1

F201807261417 26-July 14:17:48 0 0
F201906051620 5-June 16:20:28 4 28
F201906051625 5-June 16:25:34 0

F201906061414 6-June 14:14:24 5

F201906111242 11-June 12:42:28 9 15
F201906111303 11-June 13:03:43 0 0
F201906111307 11-June 13:07:17 3 0
F201906111315 11-June 13:15:33 4 5
F201906301713 30-June 17:13:13 9 13
F201906301716 30-June 17:16:17 5

F201907021512 2-July 15:12:36 2 0
F201907021521 2-July 15:21:23 11 15
F201907071802 7-July 18:02:59 8 9

Cai et al. [2] analyzed the current parameters of the IS stage. The main param-
eters of the IS examined in this study include duration (D), maximum current,
average current, charge transfer (Q), and the action integral (Al). For one of the
TLFs, F201906051620, the start position of the IS current could not be identified
precisely; therefore, 16 IS current samples in total were counted in the study. Two
examples of the IS current waveforms were shown in Fig. 2.1.

The IS current waveforms can be divided into two categories: ISs with silence
period (4/16), as shown in Fig. 2.1b, and ISs without silence period (12/16). The
GMs of duration, maximum current, average current, charge transfer, and the action
integral of ISs with silence period are 168.0 ms, 1.0 kA, 28.5 A, 4.8 C and 220.0 Als,
respectively. And the GMs for those ISs without silence period are 305.4 ms, 0.6 kA,
85.9 A, 26.2 C and 3701.1 A?s, respectively. It is found that the ISs without silence
period show longer duration, larger average current, charge transfer, and the action
integral than those with silence period. For those TLFs of ISs without silence period,
only one (1/16) TLF had no return stroke. However, for those TLFs of ISs with
silence period, three (3/4) TLFs had no return stroke.

Overall, the IS current parameters and their descriptive statistics are shown in
Fig. 2.2. The GM duration of 263.0 ms was slightly lower than the GM of 279 ms
reported by Wang et al. [3] and the GM of 305 ms reported by Miki et al. [4] in
their study of TLFs in Florida and lower than the AM of 399.5 ms and the GM of
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Fig. 2.1 Two examples of the IS current waveforms

347.9 ms reported by Zheng et al. [5] in GCOELD. However, the GM duration was
slightly higher than the GM of 245 ms reported by Qie et al. [6] in Shandong. The
AM maximum current of 0.9 kA and the GM of 0.7 kA were all less than the AM of
2.7 kA and the GM of 1.3 kA in GCOELD. For the average current, the GM (65.2 A)
was smaller than the value of 96 A recorded by Wang et al. [3], the value of 99.6 A
recorded by Miki et al. [4] for the triggered lightning in Florida, the value of 132.5 A
in GCOELD and the value of 86.7 A in Shandong. The values of charge transfer in
the IS were less than 100 C. The GM of the charge transfer was 17.2 C, which was
less than the values of 27, 30.4, 45.1 and 21.2 C reported by Wang et al. [3], Miki
et al. [4], Zheng et al. [5], and Qie et al. [6]. As for the action integral, the GM of
1.8 x 10° A2s was less than those (8.5 x 10° and 10.0 x 103 A%s) reported by Miki
et al. [4] and Zheng et al. [5].

The correlations between IS current parameters are shown in Fig. 2.3. The dura-
tion and charge transfer show moderate correlation. We did linear fitting and power
function fitting and built the regression equation of Q = —4.768 + 0.09D, with R?
=0.57 and Q = 0.018D'?*3, with R?> = 0.57, respectively. However, Zheng et al. [5]
reported exponential correlation between the duration and charge transfer and built
the regression equation of Q = 13.511exp(0.003D), with R?> = 0.58. The moderate
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Fig. 2.3 The correlations between IS current parameters

correlation between IS duration and IS charge transfer (correlation coefficient R? =
0.7) was also suggested by Wang et al. [3] with linear fitting.

Meanwhile, we also did linear fitting and power function fitting between the
average current and charge transfer. The regression equation are I, = 26.133 +
2.017D, with R? = 0.84 and I, = 7.989Q%7!7, with R* = 0.81, respectively. Zheng
et al. [5] reported the regression equation of I,, = 23.641Q%**! | with R? = 0.53.
Wang et al. [3] also reported the linear correlation between IS average current and
IS charge transfer (correlation coefficient R? = 0.8).

An excellent power function relation describes the correlation between the average
current and action integral. The regression equation is I,, = 48.535A1°4?7, with R?
= (.87. Zheng et al. [5] also reported the regression equation of I, = 57.326A1°3%,
with R? = 0.89.



